Background {#Sec1}
==========

Peanut or groundnut (*Arachis hypogaea* L.) is an oilseed crop with global importance, grown in more than 100 countries with a global production of 47.53 Mt. from an area of 20.46 Mha \[[@CR1]\]. As an excellent and cheap source of nutrition, peanuts supply abundant nutrients to the human such as proteins, lipids, carbohydrates, vitamins, minerals and fiber \[[@CR2]\]. However, aflatoxin contamination caused by *Aspergillus flavus* and/or *Aspergillus parasiticus* is an enormous threat to peanut industry and food safety. Aflatoxins including aflatoxin B~1~, B~2~, G~1~ and G~2~ (AFB~1~, AFB~2~, AFG~1~ and AFG~2~) are highly toxic and carcinogenic substances and hard to be eliminated from contaminated materials \[[@CR3]--[@CR5]\]. Peanut tend to be infected by *A. flavus* covering the whole industrial chain including pre-harvest, during harvest, post-harvest drying, in storage and during transport \[[@CR6]--[@CR8]\]. A lot of prevention strategies for aflatoxin contamination have been implemented, including using bio-control agents, taking good agricultural practices and planting resistant varieties \[[@CR9]--[@CR12]\]. Development of peanut varieties with suitable resistance to *A. flavus* infection and/or aflatoxin production is considered to be the most effective and economical approach. However, breeding for resistance to aflatoxin is still a challenging task for breeders due to poor unavailability of highly resistance germplasm and understanding the genetics. Furthermore, the trait phenotyping faces high environmental influence and variable soil microbiome across environments and locations.

Quantitative trait locus (QTL) mapping is a conventional method to investigate the genetic basis of complex traits. In recent years, numerous QTLs have been identified in peanut for several important traits such as plant height \[[@CR13]\], pod shape, seed shape \[[@CR14], [@CR15]\], drought tolerance \[[@CR16]\] and resistances to late leaf spot \[[@CR17]\], bacterial wilt \[[@CR18]\] and rust \[[@CR19]\]. Molecular markers closely linked to QTLs can be identified, validated and deployed in marker-assisted breeding. The rust resistance was successfully improved in three early maturing elite varieties using four markers linked to a major QTL \[[@CR19]\]. However, limited efforts have been made in identifying QTLs for complex traits in peanut such as aflatoxin contamination. Six QTLs for resistance to *A. flavus* invasion were detected in three independent recombinant inbred line (RIL) populations with 6.2--22.7% phenotypic variation explained (PVE) \[[@CR20]\], but so far, no QTL for aflatoxin accumulation has been reported in peanut. Therefore, it is necessary to identify QTLs for resistance to both *A. flavus* infection and/or aflatoxin accumulation in order to accelerate the process of peanut breeding by bringing together favorable alleles.

Aflatoxin contamination is a result of interactions among host plant, toxicogenic fungi and environment, but these factors are always inconsistent and unpredictable in field. Additionally, there is a significant G × E interaction for aflatoxin contamination, which increased the difficulties of revealing the resistance mechanism \[[@CR12]\]. Considering minimization of environmental impact, artificial inoculation of seeds with toxicogenic *A. flavus* in laboratory is more suitable for QTL analysis comparing with field inoculation.

In our previous study, a RIL population was developed from a cross involving a susceptible peanut variety, Zhonghua10 and a resistant germplasm line, ICG 12625, and a high-density linkage map was constructed. This genetic linkage map contains 1219 loci (1175 SSR markers and 42 transposon markers) covering A and B sub-genome and all 20 chromosomes of peanut genome with map length of 2038.75 cM. The A sub-genome contains 583 loci with map length of 1010.95 cM, while the B sub-genome contains 636 loci with map length of 1027.80 cM \[[@CR13]\]. In present study, the phenotypic data including the percent seed infection index (PSII), aflatoxin B~1~ (AFB~1~) and aflatoxin B~2~ (AFB~2~) contents of 140 individuals were collected in three consecutive years via inoculation with *A. flavus* in laboratory. QTLs for PSII, AFB~1~ and AFB~2~ contents were identified, and the genetic relationship between resistance to AFB~1~ and AFB~2~ contents was investigated by conditional QTL analysis. The obtained information would get insights on the genetic basis of resistance to aflatoxin contamination in peanut.

Methods {#Sec2}
=======

Plant materials {#Sec3}
---------------

A mapping population consisting of 140 RIL lines was developed form a cross between Zhonghua 10 and ICG 12625 using single seed decent method. The female parent Zhonghua 10 (*A. hypogaea var. vulgaris*) is a susceptible variety to aflatoxin contamination developed by Oil Crops Research Institute of Chinese Academy of Agricultural Science (OCRI-CAAS), Wuhan, China. The male parent ICG 12625 (PI 497597, *A. hypogaea var. aequatoriana*) is a resistant germplasm line received from the International Crop Research Institute for the Semi-Arid Tropics (ICRISAT), Hyderabad, India. The RIL population (F~4~-F~6~) and the two parents were planted in experimental field of OCRI-CAAS in Wuhan, China, using a random block design with three replications in consecutive years from 2013 to 2015. Each plot contained one row, with 10--12 plants in each row, 10 cm between plants within each row and 30 cm between the rows. Field management followed the standard agricultural practices.

Phenotyping for *A. flavus* infection and aflatoxin accumulation {#Sec4}
----------------------------------------------------------------

The toxicogenic *A. flavus* strain (AF2202) isolated from peanut was maintained in 20% glycerol (− 80 °C) at CAAS-OCRI, China. Conidia of AF2202 were taken from the stored sample and cultured on fresh potato dextrose agar medium at 29 ± 1 °C for 7 days. Conidia were then collected and suspended in sterile water containing 0.05% Tween-80. The concentration of conidia in the suspension was determined using a haemocytometer.

About 20 g healthy and mature peanut seeds from each line were selected and surface sterilized with 75% ethanol for 1 min followed by three washes with sterile distilled water. Then, 1 ml conidial suspension (2 × 10^6^ conidia/ml) of *A. flavus* was added to peanut seeds in a sterile Petri plate. The plates were incubated at 29 ± 1 °C in dark.

The external seed infection was measured by visual inspection using the percent seed infection index (PSII), which was investigated at 7 days after inoculation. Based on previous studies \[[@CR21]\], the invasion level of *A. flavus* was defined and classified with minor modifications as Level 0 when no conidium observed on the seed surface; Level 1 when less than 1/3 of the seed surface covered by conidia; Level 2 when 1/3--2/3 of the seed surface covered by conidia; Level 3 when more than 2/3 of the seed surface covered by conidia. The formula $\documentclass[12pt]{minimal}
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After investigation of PSII, the peanut seeds were rinsed with 75% ethanol to remove conidia of *A. flavus* on the seed surface, and then dried at 110 °C for 60 min. Aflatoxin in these seeds were extracted by 55% ethanol solution and analyzed by high-performance liquid chromatography to detect the contents of AFB~1~ and AFB~2~ as described by Wang et al. \[[@CR22]\].

Statistical analysis and QTL mapping {#Sec5}
------------------------------------

Statistical analyses for the phenotypic data of PSII, contents of AFB~1~ and AFB~2~ were performed with SPSS Statistics 22.0 statistical software \[[@CR23]\]. The broad-sense heritability for each trait was calculated as: H^2^ = σ2 g/(σ2 g + σ2 ge/n + σ2 e/rn), where σ2 g is genetic variance, σ2 ge is the interaction variance between genotype and environment, σ2 e is the residual (error) variance, r is the number of replications in each environment and n is the number of environments. The variance of each component was estimated by restricted maximum likelihood (REML) method as previous study described \[[@CR13]\]. Correlation coefficients were estimated between each pair of the three traits. Genotype data was collected and the linkage map was constructed in previous study \[[@CR13]\].

QTL mapping was conducted by composite interval mapping method in the Windows QTL Cartographer 2.5 software using mean value of each trait in each environment \[[@CR24]\]. The default model (model 6) was selected in the software. The number of control markers, window size and walk speed were set as 5, 10 and 2 cM, respectively. The threshold of LOD for declaring the presence of a QTL was determined by 1000 permutation tests.

Conditional analysis was also performed by Windows QTL Cartographer 2.5 software based on conditional phenotypic values y(AFB~1~\|AFB~2~) and y(AFB~2~\|AFB~1~), which were calculated by the mixed-model method using QGA Station 1.0 software \[[@CR25]\].

Results {#Sec6}
=======

Phenotypic evaluation of resistance to aflatoxin contamination {#Sec7}
--------------------------------------------------------------

The resistance performance of two parents and the RIL population was investigated by artificial inoculation with toxicogenic *A. flavus* in laboratory across three environments. Significant differences of PSII and aflatoxin content between Zhonghua 10 and ICG 12625 were observed (Table [1](#Tab1){ref-type="table"} and Fig. [1](#Fig1){ref-type="fig"}). ICG 12625 exhibited desirable resistance with lower infection rate and less aflatoxin accumulation (Table [1](#Tab1){ref-type="table"}). Transgressive segregation and continuous distribution in the RIL population for both PSII and aflatoxin contents were observed in all the environments (Table [1](#Tab1){ref-type="table"} and Fig. [1](#Fig1){ref-type="fig"}), suggesting that both the parents had favorable alleles for resistance to aflatoxin contamination. Broad-sense heritability was estimated to be 0.64 for PSII, 0.78 for AFB~1~ content and 0.75 for AFB~2~ content (Table [1](#Tab1){ref-type="table"}), indicating these traits were controlled by genetic factors. Variance analysis across the three trials also revealed that the genetic, environmental effects and genotype by environment interaction significantly affected PSII and aflatoxin contents (see Additional file [1](#MOESM1){ref-type="media"}).Table 1Phenotypic variations of PSII, AFB~1~ and AFB~2~ of two parents and RILs in three trialsTraitEnvParentsRIL PopulationZhonghua10ICG 12625RangeMean ± SDCV*H* ^*2*^PSII (%)201392.33 ± 1.8970.00 ± 3.74^\*\*^25.00--100.0095.28 ± 15.010.160.64201493.00 ± 2.1677.67 ± 0.47^\*\*^40.00--97.5067.08 ± 14.140.21201593.00 ± 1.4173.33 ± 2.49^\*\*^53.33--100.0090.35 ± 8.990.10AFB~1~ (μg/g)2013144.10 ± 35.1085.39 ± 9.7729.04--812.94211.09 ± 124.760.590.782014143.06 ± 17.0777.56 ± 4.43^\*\*^10.34--443.47144.59 ± 83.370.582015133.58 ± 14.1486.52 ± 16.99^\*^15.68--409.87108.96 ± 66.940.61AFB~2~ (μg/g)20137.60 ± 0.486.40 ± 1.482.54--56.1718.64 ± 11.150.600.7520148.33 ± 0.356.59 ± 0.59^\*^1.59--46.4912.13 ± 8.590.7120157.63 ± 0.606.12 ± 0.930.68--27.188.54 ± 5.700.67*PSII* percent seed infection index, *AFB*~*1*~ aflatoxin B~1~ content, *AFB*~*2*~ aflatoxin B~2~ content, *Env* environment, *SD* standard deviation, *CV* coefficient of variation, *H*^*2*^ broad-sense heritability; ^\*^Difference is significant at *p* \< 0.05 level, ^\*\*^Difference is significant at *p* \< 0.01 levelFig. 1Phenotypic observation and distribution of PSII, AFB~1~ and AFB~2~ in parents and RIL population. Phenotypic distribution of PSII, AFB~1~ and AFB~2~ in RIL population across three environments. The *y-axis* represented frequency, while *x-axis* represented values of each trait. *PSII* percent seed infection index, *AFB*~*1*~ aflatoxin B~1~ content, *AFB*~*2*~ aflatoxin B~2~ content

Pairwise correlation analyses on PSII, AFB~1~ and AFB~2~ contents across three environments showed significant positive correlation (R^2^, 0.81--0.91) (*P* ≤ 0.001) between AFB~1~ and AFB~2~ contents across environments (Table [2](#Tab2){ref-type="table"}). But neither AFB~1~ nor AFB~2~ content was correlated with PSII (Table [2](#Tab2){ref-type="table"}), suggesting that resistance to *Aspergillus* infection and aflatoxin accumulation were independently regulated in peanut.Table 2Correlation analysis of PSII and aflatoxins contents in RIL populationEnvironmentTraitPSIIAFB~1~AFB~2~2013PSII1AFB~1~0.171AFB~2~0.080.81^\*\*^12014PSII1AFB~1~0.111AFB~2~0.110.85^\*\*^12015PSII1AFB~1~0.131AFB~2~0.110.91^\*\*^1*Abbreviations* see Table [1](#Tab1){ref-type="table"}, ^\*\*^Correlation is significant at the *p* \< 0.01 level

Detection of QTLs for resistance to aflatoxin contamination {#Sec8}
-----------------------------------------------------------

Genome-wide QTL analysis was conducted using the high-density genetic map \[[@CR13]\] and the phenotypic data of PSII, AFB~1~ and AFB~2~ contents obtained from the RILs during 3 years (2013, 2014 and 2015) in Wuhan. For resistance to aflatoxin contamination, a total of 20 QTLs were identified in three environments that explained 7.30--21.02% PVE (Fig. [2](#Fig2){ref-type="fig"}, Table [3](#Tab3){ref-type="table"}). If QTLs for a particular trait were detected on the same genomic region in two or more than two environments, they were considered as one consistent QTL and designated with the same name. Therefore, the 20 QTLs were designated as two for PSII, seven for AFB~1~ and five for AFB~2~ (Table [3](#Tab3){ref-type="table"}). These QTLs were mapped onto seven LGs, comprising four LGs of the A sub-genome and three LGs of the B sub-genome (Fig. [2](#Fig2){ref-type="fig"}, Table [3](#Tab3){ref-type="table"}). A maximum of four QTLs were identified onto LG B07, followed by three QTLs onto LG B06 (Fig. [2](#Fig2){ref-type="fig"}, Table [3](#Tab3){ref-type="table"}). Two QTLs each were mapped onto LG A03 and A07, as well as one QTL each onto LG A05, A10 and B05.Fig. 2Distribution of QTLs for traits of resistance to aflatoxin contamination on the genetic map. *PSII* percent seed infection index, *AFB*~*1*~ aflatoxin B~1~ content, *AFB*~*2*~ aflatoxin B~2~ content. SSR markers in red color are markers closest to the peak of QTL confidence intervalsTable 3QTLs identified for resistance to aflatoxin contamination in the RIL populations across three environmentsTraitQTL^a^LG^b^Env^c^CI^d^Marker IntervalLODPVE (%)^e^Additive^f^PSII*qPSIIA03*A03201528.50--30.20AHGS2058 - AGGS00523.067.96−2.62***qPSIIA10***A10201443.50--44.70AGGS1425 -- ARS7105.0013.005.27201543.70--44.30AGGS1425 -- ARS7104.4011.323.08AFB~1~*qAFB1A05*A05201351.10--55.70AHGS1245 - AGGS08763.177.9836.02***qAFB1A07***A07201383.40--99.20ARS734 - GM21565.5014.5749.00201480.30--91.00ARS734 - GM21565.9817.8735.96201583.80--98.20ARS734 - GM21564.7010.6225.68***qAFB1B06.1***B06201342.50--52.90AGGS1515 - AGGS15876.4016.33−52.07201445.70--52.70AGGS2069 - AGGS15873.909.52−26.31*qAFB1B06.2*B06201569.50--77.60AHGS1464 - HAS09693.117.78−19.13*qAFB1B07.1*B07201339.20--51.70AGGS1581 - GM20673.608.48−40.35*qAFB1B07.2*B07201386.00--86.50TC3B4 - AHGS22333.107.30−36.16*qAFB1B07.3*B072014103.70--104.30AGGS1081 - AhTE06153.207.46−22.55AFB~2~*qAFB2A03*A03201350.19--55.08AGGS1139 - AHGS20253.458.323.44***qAFB2A07***A07201474.30--84.40AHGS1454 - HAS13603.9610.842.95201583.50--98.20ARS734 - GM21565.1012.192.20*qAFB2B05*B05201445.40--50.40AGGS0979 - TC19E14.9011.05−3.49***qAFB2B06***B06201343.10--50.10GM2444 - AHGA3354723.809.32− 3.53201443.20--58.30GM2444 - AGGS09838.8021.02−4.11*qAFB2B07*B07201380.80--86.50TC3B4 - AHGS22335.3014.45−4.48*Abbreviations* see Table [1](#Tab1){ref-type="table"}, ^*a*^ QTLs identified in more than one environment were highlighted in bold, ^*b*^ Linkage group, ^*c*^ Environment, ^*d*^ Confidence interval of QTLs, ^*e*^ The percentage of the phenotypic variation explained, ^*f*^ Additive value

There were two QTLs for PSII across three environments (Table [3](#Tab3){ref-type="table"}). Major QTL *qPSIIA10* was identified as a consistent QTL with 11.32--13.00% PVE, because it was repeatedly detected in two environments (2014 and 2015). Minor QTL *qPSIIA3c* was only detected in 2014 (Table [3](#Tab3){ref-type="table"}).

For AFB~1~ content, a total of seven QTLs were detected comprising two major QTLs and five minor QTLs, with PVE ranging from 7.30 to 17.87% (Table [3](#Tab3){ref-type="table"}). Major QTL *qAFB1A07* was identified across all the three environments and explained 10.62--17.87% PVE (Table [3](#Tab3){ref-type="table"}). The other major QTL *qAFB1B06.1* was detected in two environments with 9.52--16.33% PVE. Minor QTLs namely *qAFB1A05*, *qAFB1B06.2*, *qAFB1B07.1*, *qAFB1B07.2* and *qAFB1B07.3* were only detected in single environment (Table [3](#Tab3){ref-type="table"}).

For AFB~2~ content, five QTLs were detected with a range of 8.32 to 21.02% PVE, including four major QTLs and one minor QTL (Table [3](#Tab3){ref-type="table"}). Major QTLs namely *qAFB2A07* and *qAFB2B06* were consistently detected in two environments and showed 10.84--12.19% and 9.32--21.02% PVE, respectively. But other two major QTLs, *qAFB2B05* and *qAFB2B07,* were only detected in single environment with 11.05--14.45% PVE in addition to minor QTL *qAFB2A03* (Table [3](#Tab3){ref-type="table"}).

Notably, QTLs *qAFB1A07* and *qAFB2A07* were co-localized into the same genetic interval (CI: 74.30--99.20) on LG A07. Similarly, *qAFB1B06.1* was also co-localized with *qAFB2B06* on LG B06 (CI: 43.10--58.30) (Fig. [2](#Fig2){ref-type="fig"}, Table [3](#Tab3){ref-type="table"}). These results indicated that each of the two co-localized intervals may simultaneously regulate the resistance to AFB~1~ and AFB~2~ accumulation.

Conditional QTL mapping {#Sec9}
-----------------------

For the purpose of investigating the relationship between QTLs for AFB~1~ and AFB~2~, conditional QTL analyses were performed with conditional phenotypic values y(AFB~1~\|AFB~2~) and y(AFB~2~\|AFB~1~). Seven QTLs for AFB~1~ were identified in unconditional analysis, whereas six of them failed to be detected when AFB~1~ content was conditioned on AFB~2~ content (Table [4](#Tab4){ref-type="table"}). Major QTL *qAFB1A07* was only detected in 2015, while it was not found in 2013 and 2014 in conditional mapping. Three additional QTLs (*qAFB1A08*, *qAFB1B01*, *qAFB1B08*) were identified with 12.62--15.19% PVE in conditional QTL analysis, but they were only detected in single environment. Of the five QTLs for AFB~2~ identified in unconditional mapping, three were not detected when AFB~2~ content was conditioned on AFB~1~ content (Table [4](#Tab4){ref-type="table"}). Major QTL *qAFB2B06* was detected in 2014 with decreased additive effects (16.74% PVE) compared to its corresponding unconditional QTL (21.02% PVE), however it was not detected in 2013. Minor QTL *qAFB2A03* exhibited slightly enhanced additive effect (9.42% PVE) compared to that of the unconditional QTL (8.32% PVE). Overall, major QTLs for AFB~1~ *qAFB1A07* and *qAFB1B06.1* were severely affected by AFB~2~ content. Similarly, major QTLs for AFB~2~ *qAFB2A07* and *qAFB2B06* were strongly influenced by AFB~1~ content. These results indicated a strong interaction between resistance to AFB~1~ and AFB~2~ accumulation.Table 4Unconditional and conditional QTLs for aflatoxin accumulation in the RIL populationConditionQTLEnvironmentMarker intervalUnconditional QTL PVE (%)^a^Conditional QTL PVE (%)^b^AFB~1~\|AFB~2~^c^*qAFB1A05*2013AHGS1245 - AGGS08767.98^e^*qAFB1A07*2013ARS734 - GM215614.57^e^2014ARS734 - GM215617.87^e^2015ARS734 - GM215610.629.14^f^*qAFB1B06.1*2013AGGS1515 - AGGS158716.33^e^2014AGGS2069 - AGGS15879.52^e^*qAFB1B06.2*2015AHGS1464 - HAS09697.78^e^*qAFB1B07.1*2013AGGS1581 - GM20678.48^e^*qAFB1B07.2*2013TC3B4 - AHGS22337.30^e^*qAFB1B07.3*2014AGGS1081 - AhTE06157.46^e^*qAFB1A08*2014TC9B8 - AHGA31637612.62^g^*qAFB1B01*2014AGGS2497 - AHGA15906813.44^g^*qAFB1B08*2015AGGS1664 - AGGS018915.19^g^AFB~2~\|AFB~1~^d^*qAFB2A03*2013AGGS1139 - AHGS20258.329.42^f^*qAFB2A07*2014AHGS1454 - HAS136010.84^e^2015ARS734 - GM215612.19^e^*qAFB2B05*2014AGGS0979 - TC19E111.05^e^*qAFB2B06*2013GM2444 - AHGA3354729.32^e^2014GM2444 - AGGS098321.0216.74^f^*qAFB2B07*2013TC3B4 - AHGS223314.45^e^*Abbreviations* see Table [1](#Tab1){ref-type="table"}, ^*a*^ The percentage of the phenotypic variation explained by additive effect of unconditional QTL, ^*b*^ The percentage of the phenotypic variation explained by additive effect of conditional QTL, ^*c*^ AFB~1~ conditioned on AFB~2~, ^*d*^AFB~2~ conditioned on AFB~1~, ^*e*^ The unconditional QTL could not be detected in conditional analysis, ^*f*^ The conditional QTL with increased or decreased PVE% to the unconditional QTL, ^*g*^ The additional QTL identified in conditional analysis

Identification of markers and recombination of QTLs {#Sec10}
---------------------------------------------------

To evaluate the effect of combined effect of major QTLs *qAFB1A07* and *qAFB1B06.1*, co-dominant SSR markers AGGS2289 (CI: 88.14) and GM1916 (CI: 49.65) were selected as they were located closest to the peaks of QTLs *qAFB1A07* and *qAFB1B06.1* in multiple environments, respectively (see Additional file [2](#MOESM2){ref-type="media"}). The genotypes of AGGS2289 and GM1916 derived from Zhonghua 10 were designated as "AA" and "BB", while the genotypes from ICG 12625 were designated as "aa" and "bb", respectively. Genotypes of *qAFB1A07* and *qAFB1B06.1* in the RIL population were investigated using these two markers. As shown in Table [5](#Tab5){ref-type="table"}, seeds with genotype AAbb accumulated significantly higher AFB~1~ and AFB~2~ than seeds with other genotypes (aabb, AABB and aaBB) after inoculation with *A. flavus* in all environments, indicating that introgression of any of these two QTLs could raise resistance to aflatoxin accumulation. Moreover, AFB~1~ content in seeds with aaBB genotype (77.97 μg/g) was significantly less than that in seeds with aabb genotype (104.31 μg/g) in 2015, which was the same genotype from resistant parent ICG 12625. Furthermore, there was significantly less AFB~2~ content in seeds with aaBB genotype (6.24 μg/g) compared to that in seeds with aabb genotype (12.02 μg/g) in 2014 (Table [5](#Tab5){ref-type="table"}). Combination of resistant alleles of *qAFB1A07* and *qAFB1B06.1* enhanced the resistance to aflatoxin accumulation in the RIL population. Two elite RILs namely QT0393 and QT0469 exhibited superiority over parents were selected due to less AFB~1~ and AFB~2~ (Table [6](#Tab6){ref-type="table"}). Both of them were identified as aaBB genotype, which means that the elite lines simultaneously possessed the resistant alleles of *qAFB1A07* and *qAFB1B06.1* (Table [6](#Tab6){ref-type="table"}). All the results suggested that SSR markers, AGGS2289 and GM1916, could be applied in genotyping of *qAFB1A07* and *qAFB1B06.1*, and the resistance to aflatoxin accumulation could be improved via combining resistant alleles of these two QTLs.Table 5Phenotypic effect of QTLs *qAFB1A07*, *qAFB1B06.1* and *qPSIIA10* in the RIL populationTraitGenotype201320142015AFB~1~ (μg/g)AAbb298.83 ± 77.38^a^196.24 ± 86.95^a^156.56 ± 57.84^a^aabb181.64 ± 76.88^b^134.69 ± 46.89^b^104.31 ± 52.32^b^AABB180.15 ± 77.38^b^119.60 ± 59.92^b^84.87 ± 40.91^bc^aaBB147.67 ± 75.99^b^102.16 ± 55.41^b^77.97 ± 40.91^c^AFB~2~ (μg/g)AAbb26.10 ± 12.79^a^19.63 ± 9.19^a^13.23 ± 5.34^a^aabb17.98 ± 9.05^b^12.02 ± 6.06^b^7.78 ± 5.12^b^AABB16.44 ± 8.62^b^8.91 ± 5.28^bc^7.75 ± 5.33^b^aaBB14.04 ± 7.73^b^6.24 ± 3.97^c^5.56 ± 3.15^b^PSII (%)DD81.79 ± 12.96^a^70.97 ± 14.98^a^92.85 ± 6.79^a^dd77.73 ± 27.11^a^62.86 ± 12.71^b^87.73 ± 10.19^b^*Abbreviations* see Table [1](#Tab1){ref-type="table"}, *Genotype* the genotype of RIL lines, *AA* genotype of SSR marker AGGS2289 from Zhonghua 10, *aa* genotype of SSR marker AGGS2289 from ICG12625, *BB* genotype of SSR marker GM1916 from Zhonghua 10, *bb* genotype of SSR marker GM1916 from ICG 12625, *DD* genotype of SSR marker AHGA195525 from Zhonghua 10, *dd* genotype of SSR marker AHGA195527 from ICG 12625; *a,b,c* and *d* means followed by different letter are statistically different at p \< 0.05 based on ANOVA and Tamhane's T2 multiple-comparisonTable 6Resistance to aflatoxin contamination of best RIL lines in three environmentsCodeGenotypeAFB~1~ (μg/g)AFB~2~ (μg/g)PSII (%)201320142015201320142015201320142015Zhonghua 10AABBDD144.10 ± 35.10143.06 ± 17.07133.58 ± 14.147.60 ± 0.488.33 ± 0.357.63 ± 0.6092.33 ± 1.8993.00 ± 2.1693.00 ± 1.41ICG 12625aabbdd85.39 ± 9.7777.56 ± 4.4386.52 ± 16.996.40 ± 1.486.59 ± 0.596.12 ± 0.9370.00 ± 3.7477.67 ± 0.4773.33 ± 2.49QT0393aaBB55.50 ± 4.95^\*^56.56 ± 4.0676.51 ± 5.874.722.66 ± 0.31^\*\*^4.32 ± 0.32QT0469aaBB82.87 ± 1.6977.31 ± 0.7637.25 ± 2.91^\*^5.844.53 ± 0.761.58 ± 0.28^\*\*^QT0351dd70.00 ± 16.3349.72 ± 4.30^\*\*^65.55 ± 2.07^\*^QT0451dd55.83 ± 2.04^\*\*^48.33 ± 0.47^\*\*^66.11 ± 2.83*Abbreviations* see Table [1](#Tab1){ref-type="table"} and Table [5](#Tab5){ref-type="table"}, *Code* Code of RIL line, \*Difference is significant at *p* \< 0.05 level, \*\*Difference is significant at *p* \< 0.01 level

SSR marker AHGA195527 (CI: 44.25) was selected for genotyping of *qPSIIA10*, as it was closest marker to the peak of this QTL (see Additional file [2](#MOESM2){ref-type="media"}). The genotype derived from Zhonghua 10 was designated as "DD", and that from ICG 12625 was designated as "dd". After genotyping of *qPSIIA10* in the RIL population, it was found that PSII of seeds with dd genotype was significantly lower than that of seeds with DD genotype across all the environments (Table [5](#Tab5){ref-type="table"}). Similarly, two RIL lines namely QT0351 and QT0451 with higher resistance to fungal invasion also harbored the dd genotype of *qPSIIA10* (Table [6](#Tab6){ref-type="table"}). These results indicated that introgression of the QTL *qPSIIA10* could enhance the resistance to PSII in peanut.

Validation of markers {#Sec11}
---------------------

In order to estimate the precision of SSR markers, AGGS2289 and GM1916, these markers were used to profile the Chinese mini-mini core collection of peanut germplasm. A total of 99 accessions were genotyped with AGGS2289 and GM1916 markers. As a result, six accessions were found to possess AAbb genotype and four accessions with aaBB (Table [7](#Tab7){ref-type="table"}). These ten accessions were inoculated with *A. flavus* in laboratory, and aflatoxins contents were detected after 7 days incubation. Both AFB~1~ and AFB~2~ contents in lines with aaBB genotype (68.97 μg/g of AFB~1~ and 8.23 μg/g of AFB~2~) were significantly less than those with AAbb genotype (239.95 μg/g of AFB~1~ and 20.48 μg/g of AFB~2~) (Table [7](#Tab7){ref-type="table"}). In particular, the accession Zh.h1498 only accumulated 26.35 μg/g of AFB~1~ and 1.88 μg/g of AFB~2~), which might be an excellent resource for improving the resistance to aflatoxin accumulation. Therefore, these two validated markers would be potentially very useful in identifying breeding lines with resistance to aflatoxin accumulation.Table 7Accessions identified by markers AGGS2289 and GM1916 in Chinese mini-mini core collection of peanut germplasmGenotypeCodeAFB~1~ (μg/g)AFB~2~ (μg/g)AAbbZh.h1507459.69 ± 27.1738.64 ± 1.39Zh.h4809264.78 ± 7.2120.52 ± 2.43Zh.h3364210.92 ± 32.2615.16 ± 0.55Zh.h3216184.12 ± 31.3219.12 ± 0.46Zh.h6275166.66 ± 8.5314.54 ± 2.95Zh.h3689153.51 ± 26.2814.94 ± 3.62Mean239.95 ± 104.65^\*^20.48 ± 8.43^**\***^aaBBZh.h149826.35 ± 1.431.88 ± 0.60Zh.h219386.37 ± 12.3211.56 ± 4.70Zh.h288880.32 ± 4.4310.64 ± 4.90Zh.h607082.86 ± 1.4711.21 ± 5.62Mean68.97 ± 24.708.23 ± 4.02*Abbreviations* see Table [1](#Tab1){ref-type="table"} and Table [5](#Tab5){ref-type="table"}, *Code* Code of Chinese mini-mini core collection of peanut germplasm, ^\*^Difference is significant at *p* \< 0.05 level, ^\*\*^Difference is significant at *p* \< 0.01 level

Discussion {#Sec12}
==========

Aflatoxin contamination is a global challenge for peanut industry and consumers. Genetic enhancement for resistance to aflatoxin is regarded as the most cost-effective approach to reduce contamination risk in this crop. There are several reports on peanut resistance to aflatoxin contamination, but most of them are using transcriptome and proteome analysis to reveal the mechanism of resistance \[[@CR26]--[@CR31]\]. This study is the first systematic report using linkage analysis to reveal the QTLs for two types of resistance i.e., resistance to *A. flavus* infection and aflatoxin accumulation in peanut based on multi-environment phenotyping. Although there was only one previous study on QTL mapping for resistance to fungal invasion which was conducted using the phenotyping data generated for single environment \[[@CR20]\]. Six QTLs related to *Aspergillus flavus* invasion were identified in their study, but the specific position information of these QTLs was not provided. We still mapped our markers of resistance to *A. flavus* infection on A10 to their QTLs, but none of them was located in QTLs they identified. Realizing the complexity of the trait, the current study was designed for generating multi-environment phenotyping data which, upon analysis, detected two QTLs for fungal invasion and 12 QTLs for aflatoxin accumulation were identified. The multi-environment phenotyping data allowed to identify one major QTL for PSII which was consistently detected on LG A10 in two environments. Coincidentally, in RNA-seq analysis of peanut seeds infected by *A. flavus*, relative abundance of expression of genes was significantly higher in pseudomolecule A10 \[[@CR29]\]. Two consistent and major QTLs for AFB~1~ were identified on LG A07 and LG B06. Similarly, two consistent and major QTLs were also detected for AFB~2~ onto the same genetic intervals of LG A07 and LG B06. Identification of these QTLs started to lift the veil of genetic mechanism controlling resistance to aflatoxin contamination in peanut.

Resistance to fungal infection and aflatoxin accumulation found independent to each other {#Sec13}
-----------------------------------------------------------------------------------------

So far, there were very few reports on the relationship between resistances to *A. flavus* infection and aflatoxin accumulation in peanut. A previous report stated no significant relationship between these two resistance mechanisms and inherited independently \[[@CR32]\]. Another report observed very low correlation and indicated to be governed by different genes \[[@CR33]\]. Recently, an *A. flavus* strain with green fluorescent protein (GFP)-expression was used to monitor fungal growth by infection of ten peanut lines. No direct correlation was found between fungal infection and aflatoxin accumulation, which revealed that aflatoxin accumulation depended on genotypes of seeds but not *A. flavus* fungal growth \[[@CR34]\]. In present study, no significant correlation was observed between resistance to fungal infection and to aflatoxin accumulation by inoculation in laboratory (Table [2](#Tab2){ref-type="table"}). Furthermore, the major QTL for PSII was mapped on LG A10, while the major QTLs for AFB~1~ and AFB~2~ were identified on LG A07 and LG B06 (Fig. [2](#Fig2){ref-type="fig"}). Major QTLs for resistance to fungal invasion and to aflatoxin accumulation were distributed on different chromosomes. Although one minor QTL for PSII and one minor QTL for AFB~2~ were identified on LG A03, they were located at the different genetic intervals (Table [3](#Tab3){ref-type="table"}). These results further confirmed that resistance to fungal infection and to aflatoxin accumulation in peanut were independent of each other. The similar phenomenon was also observed in other studies \[[@CR32], [@CR33]\]. As mycotoxins are produced by complex secondary metabolic pathways of fungal, and fungal infections could be affected by carbon sources, nitrogen sources and secondary metabolites of host plants. For example, ethylene in host plant could affects the colonization and infection of *Aspergillus flavus* but not aflatoxin production in maize \[[@CR35]\]. Peanut seeds which are resistant to fungal infection but still accumulate large amounts of aflatoxins may because that their host environments are more conducive to toxin production.

Strong interaction detected between two major QTLs for AFB~1~ and AFB~2~ {#Sec14}
------------------------------------------------------------------------

Significant positive correlation was detected between AFB~1~ and AFB~2~ contents (Table [2](#Tab2){ref-type="table"}). It was interesting to note that the one major QTL each for AFB~1~ (*qAFB1A07*) and AFB~2~ (*qAFB2A07)* were found co-localized on LG A07. Similarly, the QTL, *qAFB1B06.1* for AFB~1~ was also found co-localized with the QTL *qAFB2B06* for AFB~2~ on LG B06 (Fig. [2](#Fig2){ref-type="fig"}, Table [3](#Tab3){ref-type="table"}). Additionally, conditional QTL analysis indicated that when AFB~1~ content was conditioned on AFB~2~ content, *qAFB1A07* and *qAFB1B06.1* failed to be detected in 2013 and 2014 (Table [4](#Tab4){ref-type="table"}). Even in 2015, *qAFB1A07* was detected but with decreased additive effects compared to its corresponding unconditional QTL (Table [4](#Tab4){ref-type="table"}). When AFB~2~ content was conditioned on AFB~1~ content, *qAFB2A07* was unable to be detected in all environments (Table [4](#Tab4){ref-type="table"}). The QTL, *qAFB2B06,* was absent in 2013, but present in 2014 with reduced PVE (Table [4](#Tab4){ref-type="table"}). These results indicated strong interaction between AFB~1~ and AFB~2~ contents in peanut, and resistance to AFB~1~ and AFB~2~ may be controlled by the same genomic regions/genes. Hence, it is possible to simultaneously improve the peanut resistance to AFB~1~ and AFB~2~ accumulation.

Combination of major QTLs *qAFB1A07* and *qAFB1B06.1* provides effective strategy for improving resistance to aflatoxin contamination {#Sec15}
-------------------------------------------------------------------------------------------------------------------------------------

Major QTLs *qAFB1A07* and *qAFB1B06.1* were additively interacted with each other. In the RIL population, introgression of any resistant allele could improve the resistance to aflatoxin accumulation (Table [5](#Tab5){ref-type="table"}). When resistant alleles of these two QTLs were combined together, RILs accumulated less aflatoxin compared to those with single resistant allele of *qAFB1A07* (Table [5](#Tab5){ref-type="table"}). Moreover, RIL lines, QT0393 and QT0469, which accumulated less aflatoxin compared to resistant parent ICG 12525, had both the resistant alleles from these two QTLs (Table [6](#Tab6){ref-type="table"}). Additionally, in the Chinese mini-mini core collection, accessions with both resistant alleles accumulated significantly less aflatoxins compared to accessions without any of them (Table [7](#Tab7){ref-type="table"}). The above results suggest that combination of the resistant alleles of *qAFB1A07* and *qAFB1B06.1* is an effective strategy for improving resistance to aflatoxin contamination in peanut.

It is worth mentioning that no significant difference was observed between aflatoxin contents in RILs with both resistant alleles and those with single resistant allele of *qAFB1B06.1* (Table [5](#Tab5){ref-type="table"}), because aflatoxin accumulation could be easily affected by multiple factors, even in controlled laboratory conditions \[[@CR36], [@CR37]\]. There was also no significant difference between aflatoxin contents in RILs with *qAFB1A07* and them in RILs with *qAFB1B06.1* (Table [5](#Tab5){ref-type="table"}). But the resistant parent ICG 12625, which only possessed resistant allele of *qAFB1A07*, accumulated significantly less aflatoxin compared to the susceptible parent Zhonghua 10 which only had resistant allele of *qAFB1B06.1* (Table [1](#Tab1){ref-type="table"}), implying that there must be additional genes responsible for the resistance in ICG 12625.

Linked SSR markers, AGGS2289 and GM1916, exhibited potential deployment in molecular breeding for improving aflatoxin resistance {#Sec16}
--------------------------------------------------------------------------------------------------------------------------------

Linked SSR markers namely AGGS2289 and GM1916 were used to genotype *qAFB1A07* and *qAFB1B06.1*, from which, four peanut resistant accessions were successfully identified in the Chinese mini-mini core collection (Table [7](#Tab7){ref-type="table"}). SSR markers, AGGS2289 and GM1916, identified in this study could be used in improving aflatoxin resistance breeding. In addition, more breeder-friendly markers linked to QTLs *qAFB1A07* and *qAFB1B06.1* would be developed in the future to facilitate breeding for resistance to aflatoxin contamination.

Conclusions {#Sec17}
===========

The present study identified one major QTL for resistance to PSII and two important co-localized intervals associated with major QTLs for resistance to AFB~1~ and AFB~2~. Combination of these intervals could improve the resistance to aflatoxin accumulation in peanut. SSR markers linked to these intervals were identified and validated. The major QTLs, co-localized intervals and SSR markers identified in this study showed great value for improvement of resistance to aflatoxin contamination in peanut. Additionally, this study laid the foundation for revealing genetic basis of resistance to aflatoxin contamination and further research on fine mapping and candidate gene discovery.
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